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Abstract
We recently demonstrated at imec a relatively simple process sequence for the formation of copper based front 
contacts consisting of: i) defining the front contact pattern by laser ablation ii) plating of the contacts using Ni/Cu/Ag
in a single plating sequence and finally iii) contact sintering. In this paper, we conduct a power loss analysis of the 
best 20.5% (confirmed by ISE CalLab) PERC solar cell produced on 125 mm magnetically pulled CZ (m-CZ) Si with 
Ni/Cu/Ag contacts. Based on this power loss analysis, we estimate potential improvements in cell design enabling 
>21% energy conversion efficiencies.
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1. Introduction
There is a strong motivation within the PV industry to reduce silver (Ag) usage driven by the desire to
which can increase cell efficiency in addition to the potential cost reduction from Cu being >100x cheaper 
per kg than Ag. To enable industrialization of Ni/Cu contacts it is required to develop a process sequence
that does not increase process complexity dramatically while ensuring long term reliability. We recently
demonstrated a relatively simple process sequence consisting of: i) defining the front contact pattern by 
laser ablation of the front ARC ii) plating of the contacts using Ni/Cu/Ag in a single plating sequence and 
finally iii) contact sintering [1]. Though the need for Ag is not completely eliminated using this sequence,
* Corresponding author. Tel.: +32 1628 7522; fax: +32 1628 1501.
E-mail address: loic.tous@imec.be.
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientifi c committee of the SiliconPV 2013 conference
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
468   Loic Tous et al. /  Energy Procedia  38 ( 2013 )  467 – 473 
it should be mentioned that Ag is deposited by immersion leading to a thin (< 150 nm) and dense layer 
which is seen as cost-competitive with alternative tin (Sn) plating. Wafers processed into PERC 
(Passivated Emitter and Rear Cell) type solar cells [2]  using this sequence for the front Ni/Cu/Ag contacts 
reached top efficiencies of 20.5% (confirmed by ISE CalLab) on 125 mm magnetically pulled CZ (m-CZ) 
Si p-type wafers [3]. The entire sequence is currently being transferred onto 156 mm m-CZ, with top 
efficiencies currently at 20.6%, using pilot processing equipment available at Imec with a throughput of 
over 100 wafers per hour. These results will be presented elsewhere [4]. To direct future improvements in 
cell design towards energy conversion efficiencies >21%, a precise quantification of the different loss 
mechanisms is required. Fast analytical power-loss methods have been proposed for conventional H-
pattern [5] and for high-efficiency interdigitated back contact (IBC) silicon solar cells [6]. Such models 
provide a detailed quantification of the loss mechanisms in mW/cm2 which enables direct comparison.  
In this paper, following those proposed methods we conduct a power-loss analysis for the best 20.5% 
PERC solar cell produced on 125 mm m-CZ Si with Ni/Cu/Ag contacts and estimate potential 
improvements in cell design enabling >21% energy conversion efficiencies. 
2. Experimental details 
125 mm PERC type solar cells were fabricated on 1-2 m-CZ-Si using a deep homogeneous 120 
/sq emitter and a single Ni/Cu/Ag plating sequence. The processing steps are discussed in more details 
in [1, 2]. The cells have been characterized by light current-voltage (I-V) and dark I-V (WXS-200S-20, 
Wacom ElectricCo.), Suns-Voc, and spectral response. The recombination losses have been quantified 
using quasi-steady-state photoconductance-calibrated photoluminescence (QSSPC-PL, BTImaging). The 
emitter dark saturation current density J0e,pass was extracted , after firing, using two side textured wafers 
with emitter plus emitter passivation stack (thermal oxide/PECVD SiNy) on both sides. The J0e,met of the 
emitter contacted areas were extracted from Suns-Voc measurements on cells with varying front contact 
fractions as described in Ref. [7]. The effective rear surface recombination velocity Srear,pass, bulk lifetime 
bulk, and Srear,metal were obtained following the procedure described in Ref. [8]. Contact resistance to the 
emitter was measured using transfer length method (TLM) test structures diced from the finished cell and 
the contact resistance to the BSF was measured on TLM structures typically used for the IBC cells [3]. 
The measured light I-V parameters of the best PERC type solar cell in this work are shown in Table 1 
and compared with the record efficiencies of 20.9% (confirmed by ISE CalLab) obtained by Schott Solar 
on 156 mm CZ-Si p-type PERC solar cells with Ni/Cu contacts [9]. In table 1, the theoretical maximum 
values are also given. The maximum short circuit current density jmax is calculated through the integration 
of the AM1.5G solar spectrum assuming the Lambertian limit for the rear reflectance and a wafer 
thickness W=160 μm. The maximum open-circuit voltage (Voc,max) is obtained assuming Auger 
recombination is the only recombination mechanism with CA=1.66E-30 cm6/s and using ni=9.65E-9 cm-3 
(at T=300 K) for the intrinsic carrier density [10]. In a first approximation, the maximum fill factor is 
obtained from the empirical expression [11] as: 
 
  (1) 
 
with   (2) 
 
where q is the electron charge, n the ideality factor (n=2/3 when limited  by Auger recombination), k the 
Boltzmann constant, and T the absolute temperature. 
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In table 1, the individual power loss of the best cell due to non-maximum values are also given and are 
calculated as follows. The maximum FF with the real Voc (FF0V) is obtained from equation (1) using the 
measured Voc (i.e. 665.2 mV) in equation (2) leading to a power loss due to non-max. FF (FFPLoss):  
 
  (3) 
 
 
The power loss due to non-max. Voc (Voc,PLoss) is obtained from: 
 
  (4) 
 
with  (5) 
 
and with  obtained from equation (1) using Voc,calc in equation (2). Finally, the power loss due to non-
max. jsc is obtained by subtracting FFPloss and Voc,PLoss from the max. theoretical power (29.7 mW/cm2). 
Table 1. Best cell I-V results with Ni/Cu PERC type solar cells compared with theoretical maximum values. Power losses due to 
non-maximum value of the cell in Ref. [2] are given as indication. 
parameter Voc  
(mV) 
jsc  
(mA/cm2) 
FF  
(%) 
eta  
(%) 
Schott solar1  [5] 663 39.8 79.3 20.9 
This work, best cell1 in Ref. [2]  665.2 38.6 79.9 20.5 
Estimated  maximum values2 756.3 44.0 89.3 29.7 
Power loss of  best cell in Ref. [2] due to non-max. value [mW/cm2] 3.35 3.75 2.14 9.24 
1 Calibrated measurement at the Fraunhofer ISE, with AM 1.5 G IEC60904-3Ed.2 (2008) 
2 Calculated with ni=9.65E9 cm-3 at 300K [10] and not ni=1E10 cm-3 as in Ref. [6] which gives a higher maximum Voc and 
consequently a maximum eta above 29.6%. 
 
3. Power loss analysis 
3.1. Optical losses 
As can be seen from Table 1, the 20.5% cell is strongly limited by a 1.2 mA/cm2 absolute difference 
in jsc compared to the record cell reported by Schott Solar. The total reflectance (including busbars), 
external, and internal quantum efficiencies are shown in Fig. 1(a). Using the measured EQE values, the 
integrated current density is 38.63 mA/cm2 which is in good agreement with the measured jsc given in 
table 1. 0, and optical 
absorption thickness Z0*W were calculated from the linear fit of 1/IQE versus th
see Fig. 1(b), as described in Ref. [12], and were estimated at 95.1%, 25.4, and 4.1 mm respectively.  
By performing additional measurements, the reflectance, IQE and EQE of the active area (area in 
between  the fingers) can be determined (not shown here). From this data, the components of the optical 
losses and their corresponding absolute power losses can then be determined as described in Ref. [5]. As 
can be seen from the results given in Table 2, the front grid shading currently accounts for 2.34 mA/cm2 
which represents more than 50% of the total optical losses. Thus, the easiest way to improve the 
efficiency of this device is to optimize the front grid design. 
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Fig. 1. (a) IQE, EQE, Reflectance, and primary front reflectance (Rfront) of the entire cell (including busbars). (b) Inverse IQE versus 
absorption depth. The linear 1/IQE fit is performed between 1000 and 5000 μm (i.e. for wavelengths between 1070 and 1120 nm).  
 
Table 2. Components of the optical losses and corresponding absolute power loss 
parameter Front surface  
escape (+) 
front grid shading 
 loss only  
front surface 
 reflectance (++) 
total 
Optical losses [mA/cm2] 0.63 2.34 1.34 4.32 
Power loss [mW/cm2] 0.44 1.62 0.93 2.99 
+ Calculated from the active area reflectance in the wavelength range of 1000-1200 nm. 
++ Calculated from the active area primary reflectance in the wavelength range of 300-1200 nm. 
 
3.2. Series resistance losses 
The individual series resistance components, given in Table 3, include the front finger series 
resistance, contact resistances to the emitter and the BSF, and the bulk series resistance.  
Table 3. Components of the series resistance and corresponding absolute power-loss. Numerical formulas are taken from [10]. 
parameter bulk front fingers contact emitter contact BSF emitter total  
calculated 
total  
measured 
rs 2] 0.26 0.12 0.1 0.02 0.10 0.60 0.60 
Power loss [mW/cm2] 0.34 0.16 0.13 0.02 0.13 0.80 - 
3.3. Recombination losses 
To compare all recombination mechanisms (bulk SRH, surface SRH, emitter, etc) by calculating the 
equivalent recombination current densities as proposed by Verlinden et al. [6] requires the precise 
determination of the excess carrier density. This can be easily done when the minority carrier current flow 
is: i) one dimensional and ii) follows a constant gradient from top to bottom of the cell as in Ref. [6]. 
However, as explained by Kimmerle et al. [13], both (i) and (ii) are not valid for front junction PERC 
type solar cells. Therefore, in a first approximation, the total jsc loss due to recombination (0.76 mW/cm2) 
is calculated from the difference between the power loss due to the non-maximum value (3.75 mW/cm2, 
see Table 1) and the total optical loss (2.99 mW/cm2, see Table 2). Similarly the FF loss due to 
recombination (1.33 mW/cm2) is obtained from the difference between the power loss due to the non-
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maximum value (2.14 mW/cm2, see Table 1) and the sum of the power loss contributions from series 
(0.80 mW/cm2, see table 3) and shunt resistances (0.01 mW/cm2, see table 4). 
Table 4. Power loss analysis of the best cell from Ref. [2] 
Loss  Optical losses  
[mW/cm2] 
Recombination losses  
[mW/cm2] 
rs losses  
[mW/cm2] 
rsh losses  
[mW/cm2] 
Total 
[mW/cm2] 
jsc loss 2.99 0.76 - - 3.75 
Voc loss - 3.35 - - 3.35 
FF loss - 1.33 0.80 0.01 2.14 
Total power loss  2.99 5.44 0.80 0.01 9.24 
 
From the results summarized in Table 4, it appears that the largest power losses in the cell are due to 
recombination losses at Voc (3.35 mW/cm2) followed by optical losses (2.99 mW/cm2) and 
recombination losses due to non-ideal n factor (1.33 mW/cm2). Based on the individual J0 contributions, 
given in Table 5, the Voc is found to be mainly limited by the high recombination under the front contacts 
(35.9%) followed by the rear passivation and the rear BSF regions (22.7% and 18.7% respectively). The 
high recombination under the front contacts is due to the fact that the 
emitter used in this device minority carrier 
recombination leading to high J0e,metal values. Thus, possible ways to reduce J0e, metal include: i) reduce 
laser damage caused by the laser ablation of the front dielectrics, ii) optimize the emitter profile (higher 
surface concentration) to provide better shielding of the contacts without compromising J0e,pass , or iii) 
implement a selective emitter structure.  
Table 5. Measured cell parameters and corresponding individual J0 contributions in percentage of total J01.  
location Passivated 
area 
Contacted 
area 
contact 
fraction 
 (after firing) 
 
emitter J0e, pass=40 
fA/cm2 
J0e, metal=2500 
fA/cm2 3.48% 
bulk bulk =2 ms - - 
Rear 
surface 
Srear,pass=27 
cm/s 
Srear,metal=1700 
cm/s 1.48% 
 
4. Pathway to efficiencies >21% 
Using PC1D simulations and starting from the 20.5% reference cell, we have estimated performance 
improvements due to possible cell design and process changes. Results are given in Table 6. 
 
  
15,9% 
35,9% 22,7% 
18,7% 
6,9% J0e_pass
J0e_metal
J0b_pass
J0b_BSF
J0b_bulk
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Table 6. Input parameters used for PC1D simulations and resulting I-V results for different cell designs. Input values for the 
reference cell are taken from Table 3 and 5,  the external front reflectance Rfront is taken from the experimental data (Fig.1(a)). All 
bulk =2 ms, internal diode: 7E-9 A/cm2, ni=9.65E9 cm-3 at 300  K [10]. 
  Reference A A+B A+C A+D A+B+C+D 
emitter contact  [ .cm2] 0.34 0.44 0.44 0.44 0.44 0.44 
Sfront [cm/s] 6100 5000 5000 3500 5000 3500 
Srear [cm/s] 52 52 30 52 53.6 30 
front shading  [%] 5.7 4.1# 4.1 4.1 4.1 4.1 
Rfront, internal (diffuse) 1st/subsequent bounce [%/%] 94/94 94/94 94/94 94/94 94/94 94/94 
Rrear, internal (specular)  1st/subsequent bounce [%/%] 94/92 94/92 94/92 94/92 99/97## 99/97 
simulated jsc [mA/cm2] 38.6 39.2 39.3 39.3 39.7 39.8 
simulated Voc [mV] 665.1 668.4 674.9 673.1 668.7 678.6 
simulated FF [%] 79.9 79.4 79.4 79.4 79.4 79.6 
simulated eta [%] 20.5 20.8 21.1 21.1 21.1 21.5 
# External front reflectance Rfront obtained by averaging 4 cm2 measurements over busbars and fingers to end up with 4.1% shading. 
## Equivalent to total reflectance at 1200 nm Rtotal=70% which could be achieved using the same passivation stack but avoiding Al 
firing as shown in Ref. [14] leading to an internal ~98%.  
 
From these results, it appears that optimizing the front grid design (scenario A) to reduce grid shading 
to 4.1% should be readily implemented as it presents the potential for +0.3% absolute gain in efficiency. 
Following this, reducing the effective rear surface recombination velocity from 52 cm/s down to 30 cm/s 
(scenario A+B) would lead to another +0.3%abs. gain leading to eta>21%. This would require to lower 
the effective surface recombination velocity of the passivated areas Srear,pass from the current 27 cm/s down 
to 10 cm/s which could be achieved by using Al2O3 as rear passivation layer [15]. As mentioned before, 
another area of improvement requires reducing the recombination under the front contacts J0e, metal. Going 
from J0e,metal=2500 fA/cm2 down to J0e,metal=1250 fA/cm2 would give another +0.3% gain (scenario A+C).  
Finally, improving the backside reflectivity from 95% to 98% would also lead to eta>21% (scenario 
A+D). This would require developments to replace local Al-BSF formation by local B-BSF to prevent 
rear reflectance loss during Al firing as shown by Uruena et al. [14].  
Combining all possible improvements (A+B+C+D) would lead to 21.5% which shows the high 
potential for  advanced p-type PERC solar cells based on Cu plated contacts. 
5. Conclusions 
In this paper, we have presented a power loss analysis of the best 20.5% (confirmed by ISE CalLab) 
PERC solar cell produced on 125 mm m-CZ Si using a simple process sequence for the formation of 
copper based front contacts developed at imec. The largest power-losses were found to be due to 
recombination losses at Voc followed by optical losses and recombination losses due to non-ideal n 
factor. We have estimated several individual areas of improvements in cell design that should enable to 
reach 21% when combined with an improved grid design to reduce front shading. 
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